ABSTRACT
INTRODUCTION
Fetal lateral ventricular asymmetry is a common sonographic finding in prenatal examinations. The
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Accepted: 23 March 2018 definition of asymmetry is inconsistent but it has been defined as a difference in width of ≥ 2 mm between the two lateral ventricles in ultrasound-and magnetic resonance imaging (MRI)-based studies [1] [2] [3] . Data are limited regarding clinical outcome in cases of isolated ventricular asymmetry (IVA) without ventriculomegaly. Fetal ventriculomegaly has been defined previously as dilation of the lateral ventricular atrium to a width of > 10 mm [4] [5] [6] . Moreover, no previous study has described the outcome of cases with ventricular asymmetry based on fetal MRI. Only three studies, two of them assessing the same group of subjects, have addressed specifically the neurodevelopmental outcome of IVA without dilation assessed using ultrasound, and found reassuring results, although these studies included relatively small groups of subjects 1, 3, 7 . It has been demonstrated that fetal MRI can detect more anomalies in cases of seemingly isolated ventriculomegaly or ventricular asymmetry, and allows improved resolution and direct visualization of both sides of the fetal brain [8] [9] [10] [11] [12] [13] . It has been used increasingly as an integral part of prenatal assessment for diverse indications 14 . Cases of IVA without dilation are referred frequently to our tertiary center. The paucity of data regarding the postnatal clinical outcome of these cases currently prevents us and others from being able to provide thorough consultation.
In this study, we aimed to assess the neurodevelopmental outcome of fetuses with IVA by postnatal neurodevelopmental examinations in a MRI-based study in which MRI was used to further confirm the absence of additional central nervous system (CNS) findings. Our hypothesis was that the neurodevelopmental outcome of these cases would be normal. To the best of our knowledge, this is the first study to use MRI to explore this question.
METHODS
This was a cohort study of cases with isolated ventricular asymmetry without ventriculomegaly documented on MRI examination, performed at a single tertiary center. All singleton pregnancies that underwent fetal brain MRI at our center between July 2011 and January 2015 due to ventricular asymmetry without ventriculomegaly detected during routine ultrasound examination were assessed for possible inclusion in the study. As part of the investigation, these cases were offered a detailed anatomical ultrasound examination, fetal brain MRI, infection screening, fetal echocardiogram, genetic counseling and amniocentesis, as well as comparative genomic hybridization (CGH).
The inclusion criterion was IVA detected on ultrasound and confirmed on MRI examination. Exclusion criteria were: ventriculomegaly, fetal head circumference > 2 SD above the mean, CNS anomaly, non-CNS congenital anomaly, suspected intrauterine growth restriction (IUGR) or macrosomia, moderate-severe polyhydramnios and multiple pregnancy. Cases were also excluded that had fetal cytomegalovirus or toxoplasma infection, abnormal genetic tests or preterm delivery. Cases that did not meet the criteria for ventricular asymmetry without ventriculomegaly on MRI examination (due mainly to progression to ventriculomegaly) were excluded from the study, as were cases diagnosed with CNS anomalies on MRI examination. Cases were included that had minor additional imaging findings on fetal body ultrasound or fetal brain MRI examination that were considered not clinically significant.
Ventricular asymmetry was defined as a difference in width of ≥ 2 mm between the lateral ventricles on ultrasound and MRI examination. This value was selected based on previous ultrasound and MRI studies using this definition [1] [2] [3] . Lateral ventricular width of 10 mm is the widely accepted cut-off for the definition of normal ventricular width, based mostly on ultrasound studies 5, 12, [15] [16] [17] [18] . Previous studies have also used this definition for MRI examinations and have found close agreement between the two modalities 19, 20 . We therefore included cases with ventricular width of ≤ 10 mm on ultrasound and MRI examinations.
Targeted ultrasound examinations (neurosonograms) were performed at our center by a fetal sonographer. Measurement of ventricular atrial width was performed in the transventricular plane. The calipers were positioned at the level of the glomus of the choroid plexus, touching the inner edge of the ventricle wall at its widest part and aligned perpendicular to the long axis of the ventricle, according to the International Society of Ultrasound in Obstetrics and Gynecology guidelines 6 . Fetal brain MRI was performed using a 1.5-T system (Optima 1.5 T; GE Healthcare Ultrasound, Milwaukee, WI, USA), as described previously 8 . Single-shot fast spin-echo T2-weighted sequences in orthogonal planes were performed using the following parameters: section thickness 3-4 mm; no gap; flexible coil (eight-channel cardiac coil); matrix 320 × 224; echo time (TE) 90 ms; and repetition time (TR) 1298 ms. The field of view was determined by the size of the fetal head: 24 cm for the smaller fetuses and 30 cm for the larger fetuses. T1 fast-spoiled gradient-echo sequences were performed only in the axial plane with a larger field of view (400 mm), with section thickness 4 mm, gap 0.5 mm, TR 160 ms and TE 2.3 ms. Measurements of the lateral ventricle widths were obtained in the coronal plane at the level of the ventricles, at the mid-height of the ventricle, with good visibility of the choroid plexuses 19 . All newborns were assessed clinically by a neonatologist during the first 2 days after delivery.
Data were obtained from medical records and telephone interview with the children's parents, and included maternal medical and obstetric history, routine pregnancy follow-up examinations, TORCH status and perinatal history. Information on fetal echocardiogram, amniocentesis and CGH was collected at the time of these examinations. In addition, records of neurological clinical follow-up, including cases with additional genetic tests, were collected retrospectively.
Children were assessed using the Vineland-II Adaptive Behavior Scales (VABS-II), a structured parent interview assessing four different scales of performance: communication, daily living skills, socialization and motor skills 21 . The VABS-II is the most frequently used measure of adaptive behaviors such as communication, participation in community activities and development of relationships, and is considered a reliable and valid assessment tool [22] [23] [24] . The score derived from this instrument has a mean of 100 ± 15. A cut-off of 85 was used to denote normal vs delayed function. The published Israeli version of the VABS-II was administered, but no Israeli norms are available for the full age range. Because there was no reason to believe that children from Israel and the USA would develop mental and motor skills differently, we used USA norms 25 . The study group was compared with a control group of neonates born at our institution between March 2011 and March 2015. The control group comprised cases with normal pregnancy follow-up, including normal second-trimester ultrasonographic anatomical scans, without IVA or other CNS abnormality. Other inclusion and exclusion criteria were similar to those of the study group.
To further compare neurodevelopmental outcomes that are dependent on gender and the children's age at VABS-II completion, cases and controls were matched according to these two variables. The criterion for matching was up to 4 months' difference in age at VABS-II.
Statistical analyses were conducted using SPSS Statistics v.23 (IBM Corp., Armonk, NY, USA). Histograms and Q-Q plots were used to assess for normality. Continuous variables were described as mean ± standard deviation or median and interquartile range. Continuous variables were compared using Student's t-test for independent samples or the Mann-Whitney U-test. The chi-square or Fisher's exact test was used for comparison of categorical variables. The matched groups were compared using a paired samples t-test or the Wilcoxon signed ranks test.
All statistical tests were two sided. Significance was set at P < 0.05.
The study was approved by the local institutional review board of the Sheba Medical Center. Informed consent was requested via letters sent to eligible cases prior to telephone calls and approved upon the VABS-II interview.
RESULTS
One hundred and seventy-five cases were identified that underwent fetal MRI examination due to ventricular asymmetry without ventriculomegaly on ultrasound examination. After excluding non-isolated cases of ventricular asymmetry on ultrasound examination and multiple pregnancies, we reviewed the MRI of 136 cases (Figure 1 ). Three cases were excluded due to suspected major CNS abnormality on MRI, 74 cases due to ventriculomegaly on MRI, and five because no asymmetry was diagnosed on MRI.
A total of 54 singleton pregnancies with IVA without dilation on MRI were eligible to participate in the VABS-II interview. Of these, five declined to participate, Included in final analysis (n = 43) Figure 1 Flowchart summarizing selection of cases of isolated ventricular asymmetry assessed for neurodevelopmental outcome. *Congenital cytomegalovirus infection (n = 2), abnormal karyotype (n = 1), suspected intrauterine growth restriction (n = 4), suspected macrosomia (n = 2) (one case met two exclusion criteria). †Suspected brain infarct (n = 1), suspected lissencephaly (n = 1), suspected polymicrogyria (n = 1). ‡Declined to participate (n = 5), lost to follow-up (n = 2), technical problems in completing interview (n = 4). MRI, magnetic resonance imaging; US, ultrasound; VABS-II, Vineland-II Adaptive Behavior Scales.
two were lost to follow-up and, in four cases, we encountered technical difficulties precluding completion of the interview. The final study group for statistical analysis included 43 cases. Ninety-eight cases were identified as adequate for inclusion in the control group. Of these, 94 agreed to participate and completed the VABS-II interview.
Maternal medical history, pregnancy and neonatal characteristics, as well as the children's age at VABS-II are depicted in Tables 1 and 2 . Rate of previous delivery, fetal gender, gestational age at delivery, birth weight and children's age at VABS-II test differed significantly between the groups; 33/43 children in the study group were male compared with 52/94 in the control group (76.7% vs 55.3%; P = 0.016). The children's median age during the VABS-II test was 26.0 months (interquartile range (IQR), 21.0-28.0; range, 13-68 months) in the study group and 51.2 (IQR, 36.9-60.8; range, 26-74 months) in the control group (P < 0.001) ( Table 2) . TORCH results were not available in 4/43 (9.3%) cases in the study group. Amniocentesis was performed in 19/43 (44.2%) cases and CGH in 4/43 (9.3%). The results were considered normal in all cases.
In 6/43 cases in the study group, minor non-CNS findings were diagnosed on ultrasound, and in 6/43 cases minor CNS findings were diagnosed on MRI (Table 3 ). These cases were adequate for inclusion Data are given as mean ± SD or n/N (%). *Missing data for 28 cases in study group and 15 in control group. †Including congenital structural central nervous system (CNS) abnormalities, microcephaly, macrocephaly, cerebral palsy and learning disorders, but not including asymmetry. BMI, body mass index; GA, gestational age; IUI, intrauterine insemination; ND, no data. Data are given as median (interquartile range) or n/N (%). *One bilateral mild pyelectasis with mild polyhydramnios, one unilateral mild pyelectasis, one clenched hands, one liver calcifications, one small ventriculoseptal defect, one nuchal cyst. †Two mega cisterna magna, three occipitofrontal diameter ≥ 95 th percentile, one prominent germinal matrix. ‡Data missing for three cases. §Data missing for four cases. CNS, central nervous system; GA, gestational age; MRI, magnetic resonance imaging; US, ultrasound. Data given as mean ± SD or n/N (%).
according to the criteria. In all other cases, imaging results were considered normal with no findings other than ventricular asymmetry. Median age at MRI examination was 32.0 (IQR, 31.0-33.0) months. The mean composite VABS-II score did not differ between the study and control groups (106.5 ± 10.9 vs 108.0 ± 10.7; P = 0.454; Table 2 ). Within the different components of the VABS-II score, there was no significant difference between groups in communication, daily living skills and motor skills scores. However, the social skills score was significantly lower in the study group compared with the control group (100.4 vs 106.3; P = 0.009). VABS-II scores were within normal range in both groups. There were no cases of abnormal composite VABS-II score (< 85) in either group. In 5/43 (11.6%) cases in the study group and 6/94 (6.4%) cases in the control group, one or two of the four VABS-II components were abnormal. Of note is that the proportion of additional CNS findings was relatively high among these cases: 3/5 in the study group and 2/6 in the control group.
When comparing cases of IVA with controls matched for gender and the child's age at VABS-II, there was no significant difference in composite VABS-II score (109.6 in the study group vs 107.8 in the control group; P = 0.690), or any of its components ( Table 4) . None of the cases needed further genetic evaluation after birth.
DISCUSSION
In this study, we investigated the neurodevelopmental outcome of fetuses diagnosed with IVA without dilation on MRI examination. The finding of 'asymmetric lateral brain ventricles' during routine sonographic evaluation is a frequent reason for referral of patients to our tertiary center.
Functional and structural asymmetry of the brain is considered a normal developmental phenomenon 26 . It has been shown in ultrasound and MRI studies to be side dependent, with the left side being significantly larger than the right one in normal fetuses, newborns and adults [27] [28] [29] . Kivilevitch et al. found a mean difference of 6.5% (0.35 mm) between the lateral ventricles on fetal ultrasound examinations 26 . In a MRI-based study, Kyriakopoulou et al. found a mean difference of 17.9% in ventricular volumes in normal fetuses 27 . However, the clinical significance of large asymmetry (≥ 2 mm diameter difference) is unclear 1, 3 . Furthermore, this question has not been investigated in a MRI-based study.
We found no difference in the neurodevelopmental score of cases with IVA compared with infants of pregnancies with normal follow-up examinations. Moreover, within the 43 cases of IVA, we found no abnormal VABS-II scores. The only significant difference between the study and control groups was in the social skills component of the VABS-II, which did not affect the composite score (Table 2) .
We performed a matching analysis to control for the significant differences between groups in age at VABS-II and gender, in which the significant difference in social skills found in the primary analysis was no longer present (Table 4) . It is possible that social skills differed in the primary analysis due to a higher proportion of males in the study group. It should be noted, however, that the VABS-II is structured to yield age-adjusted scores 21 . Accordingly, age is not expected to affect VABS-II scores.
To the best of our knowledge, only three studies have investigated specifically outcomes in cases with IVA without ventriculomegaly. Two of them examined the same group of subjects at different ages. Fetal CNS evaluation was performed only via ultrasound in these studies.
The study by Achiron et al. defined lateral ventricular asymmetry as a difference in width of ≥ 2.4 mm and found normal developmental outcome in all 17 cases at 6 months of age 1 . The study by Sadan et al. defined asymmetry as a difference of > 2 mm in width between the lateral ventricles, and found similar mental and motor scores and a significant risk for behavioral abnormalities in the ventricular asymmetry group, comprising 21 children, compared with the control group of 20 children 3 . A follow-up study on subjects from the same group at the age of 9-11 years showed no difference in mental development compared with the general population 7 . Our results are in accordance with those of these studies and further suggest that IVA, diagnosed on MRI, does not affect neurodevelopmental outcome.
In addition to the current study being the largest to assess the neurodevelopmental outcome of fetuses diagnosed with IVA, it is also the first to use fetal MRI as part of IVA assessment. MRI is considered an accurate tool and has been shown to detect additional findings in cases of seemingly isolated ventriculomegaly or asymmetry suspected on ultrasound examination 8, 12 . As depicted in Figure 1 , suspected major additional findings were diagnosed on MRI in three of 57 cases with IVA suspected on ultrasound examination. Yet, no conclusion can be drawn on the necessity of MRI in cases of IVA suspected on ultrasound examination, as the current study was not structured to address this question, and it should be researched in the future in specifically designed studies. In addition, of the 136 cases with ventricular asymmetry without ventriculomegaly on ultrasound examination, 74 were eventually diagnosed with ventriculomegaly on MRI, and five did not have ventricular asymmetry. These differences are most likely due to progression of ventricular dilation, as the median gestational age at ultrasound examination was 29.0 weeks compared with 32.0 at MRI. Other possible explanations are interobserver differences or, perhaps, disagreement between the two modalities.
This study has several limitations. First, we used MRI to confirm the diagnosis of IVA without ventriculomegaly. The definition of asymmetry is based mainly on ultrasound studies and current literature regarding MRI lateral ventricles reference values is lacking [1] [2] [3] . However, ultrasound reference values have been used in MRI studies and previous studies have reported good agreement between the two modalities 19, 20 . A second limitation is the use of the VABS-II based on USA norms in an Israeli population. However, there is no reason to believe that Israeli and US children would develop mental and motor skills differently. Furthermore, the comparison with an equivalent Israeli control group serves as validation of our results. Third, although all patients in the study group were offered thorough prenatal diagnosis, TORCH, amniocentesis and CGH results were not available in all cases. In addition, data regarding the above stated examinations in the control group are missing. Thus, it is possible that some cases had an underlying infectious or genetic abnormality. However, the impact of undiagnosed cases of genetic or congenital infections on VABS-II scores of both groups is probably low, as both groups had normal second-trimester anatomical scans, no cases of trisomy were detected after birth in either group, the prevalence of congenital infections in our population is relatively low and VABS-II scores were normal in both groups [30] [31] [32] [33] . Fourth, the subanalysis matching for gender and age at VABS-II was not powered to determine a statistically significant difference between the two groups. Therefore, we cannot rule out the possibility that our results were biased due to differences between the study and control populations.
This study presents several strengths. First, it is the largest study investigating outcome of IVA. Second, the IVA group was compared with a large control group with detailed pregnancy information from our computerized database. Third, the use of MRI and the thorough pregnancy follow-up enabled us to detect a highly selected study group of isolated ventricular asymmetry without ventriculomegaly.
In conclusion, in cases of IVA undergoing MRI, neurodevelopmental scores were normal and did not differ from cases without ventricular asymmetry.
